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A l l  t h e  t ime  and e f f o r t  du r ing  t h i s  r e p o r t  pe r iod  was d i r e c t e d  toward 
acqu i r i ng ,  reducing, and ana lyz ing  more ho t -w i re  anemometer data. Some s t a t i c  
pressure d i s t r i b u t i o n  data were a l s o  acqui red t o  support  t h e  ana lys i s  o f  t h e  
v e l o c i t y  p r o f i l e  data. Laser Doppler Veloc imetry  data was no t  acqui red due t o  
equipment problems. The study inc luded seven combinations o f  chord Reynolds 
number, angle o f  a t tack ,  and acous t ic  f o r c i n g  us ing  t h e  NACA 663-018 a i r f o i l .  
Th is  research has as i t s  o b j e c t i v e  t h e  d e t a i l e d  documentation o f  t h e  s t r u c -  
t u r e  and behavior  o f  t h e  t r a n s i t i o n a l  separat ion bubble and t h e  redeveloping 
boundary l a y e r  a f t e r  reattachment over an a i r f o i l  a t  low Reynolds numbers. The 
i n t e n t  o f  t h i s  work i s  t o  f u r t h e r  t h e  understanding o f  t h e  complex f l o w  pheno- 
mena so t h a t  a n a l y t i c  methods f o r  p r e d i c t i n g  t h e i r  f o rmu la t i on  and development 
can be improved. These a n a l y t i c  techniques have a p p l i c a t i o n s  i n  t h e  design and 
performance p r e d i c t i o n  o f  a i r f o i l s  opera t ing  i n  t h e  low Reynolds number f l i g h t  
regime. 
*NASA Technical  Moni tor  f o r  t h i s  Grant i s  
Mr.  Dan M. Somers, NASA Langley Research Center 
Hampton, V i  r g i  n i  a 23665. 
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REPEATABILITY OF PREVIOUS DATA 
I n  order  t o  t e s t  new equipment and sof tware and gain conf idence i n  t h e  
experimental techniques, ho t -w i re  anemometer measurements were repeated f o r  
t h r e e  cases p r e v i o u s l y  s tud ied  by O'Meara [reference 11, namely a=12", 0 
f l o w  r e s t r i c t o r s ,  a t  Rc=140,000, 160,000, and 200,000. The r e s u l t s  f o r  t h e  
Rc=140,000 case a re  p l o t t e d  w i t h  t h e  corresponding O'Meara data i n  F igu re  1. 
Since more p o i n t s  were measured w i t h i n  t h e  separat ion bubble and t h e  shear l a y e r  
than  i n  O'Meara's experiments, t h e  magnitude and apparent shape o f  t h e  r e c i r -  
c u l a t i o n  zone a r e  c lear .  The agreement between t h e  two sets  o f  U/Uext data i s  
good ( w i t h i n  t h e  0.1 mm u n c e r t a i n t y  of t h e  h e i g h t  of t h e  f i r s t  p o i n t  i n  t h e  pro- 
f i l e )  except i n  t h e  t r a n s i t i o n  through reattachment p r o f i l e s ,  x/c=7.0 t o  10%. 
These d i f f e r e n c e s  become c l e a r e r  i n  t h e  displacement th ickness development 
f o r  t h e  t h r e e  Reynolds numbers shown i n  Figures 2 ,  3, and 4. I n  a l l  t h r e e  
cases, t h e r e  i s  a sharp r i s e  i n  t h e  displacement th ickness a f t e r  separat ion.  
The displacement th ickness reaches a l o c a l  maximum a t  t h e  chordwise p o s i t i o n  
c o i n c i d e n t  w i t h  a sharp r i s e  i n  momentum and energy th icknesses f o r  t h e  
Rc=200,000 case and a l l  t h e  O'Meara cases. Brendel [ re ference 23 took t h i s  
behavior  t o  correspond t o  t h e  t r a n s i t i o n  po in t .  A f t e r  t r a n s i t i o n ,  61 decreases 
u n t i l  reattachment. Downstream of reattachment, 61 begins t o  grow again, con- 
t i n u i n g  through t h e  t r a i l i n g  edge of t h e  a i r f o i l .  Although t h e  F i t z g e r a l d  and 
O'Meara cases agree w e l l  f o r  t h e  Rc=200,000 case, ( ie. ,  w i t h i n  t h e  u n c e r t a i n t y ) ,  
f o r  t h e  Rc=140,000 and 160,000 cases, t h e  61's measured by F i t z g e r a l d  reach two 
l o c a l  maximums, both a f t  o f  t h e  l o c a l  maximums i n  t h e  corresponding O'Meara 
measurements. The second l o c a l  maximum i n  both cases, however, may be due t o  
u n c e r t a i n t y  i n  t h e  measurements. I n  any case, t h e  F i t z g e r a l d  61's decrease a t  a 
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s lower r a t e  than t h e  corresponding O'Meara displacement thicknesses. This  may 
be due t o  a poor seal  i n  t h e  f l o o r  o f  t h e  t e s t  sec t i on  through which t h e  ho t -  
w i r e  probe was extended. S t a t i c  pressure d i s t r i b u t i o n s  measured f o r  a l l  t h r e e  
R c  cases f o r  t h e  unsealed and sealed s l o t s  a re  shown i n  F igures 5, 6, and 7. I n  
a l l  t h r e e  cases, t h e  e f fec t  o f  sea l i ng  t h e  t e s t  sec t i on  i s  t o  a l l o w  a f a s t e r  
pressure recovery a f t e r  t h e  bubble. As t h e  Rc i s  increased from 140,000 t o  
200,000, t h e  pressure recovery f o r  bo th  sealed and unsealed cases i s  f a s t e r  as 
i s  suggested by t h e  displacement th ickness  data. The d i f f e r e n c e  i n  6 1  can pro- 
bab ly  be a t t r i b u t e d  t o  t h e  sea l i ng  problem. 
The U/U&t  v e l o c i t y  p r o f i l e s  agree w e l l  w i t h  O'Meara's data. When t h e  same 
data  i s  p l o t t e d  as U/Ufs, however, as shown i n  F igure  8 f o r  t h e  Rc=140,000, 
a=12', 0 f l o w  r e s t r i c t o r s  case, t h e  v e l o c i t y  i s  seen t o  reach a d i f f e r e n t  va lue 
a t  t h e  edge of t h e  boundary l a y e r  than t h e  corresponding O'Meara case. I n  t h i s  
and t h e  Rc=200,000 cases, t h e  v e l o c i t y  r a t i o  i s  approximately 10% lower  than t h e  
corresponding O'Meara cases w h i l e  i t  i s  approximately 10% h igher  f o r  t h e  
Rc=160,000 (a=1Z0, 0 f l o w  r e s t r i c t o r s )  case. O'Meara observed t h i s  same t y p e  o f  
d iscrepancy i n  h i s  1 ong-term repeatabi  1 i t y  t e s t s  [ re ference 13. He suspected 
t h a t  probe c a l i b r a t i o n  o r  o r i e n t a t i o n  o r  changes i n  atmospheric cond i t i ons  be t -  
ween t e s t s  may have caused t h i s .  S t a t i c  pressure d i s t r i b u t i o n  measurements were 
taken t o  i n v e s t i g a t e  t h i s  problem b u t  have n o t  shed any l i g h t  on t h e  cause o f  
these discrepancies.  
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ACOUSTIC FORCING OF THE SEPARATION BUBBLE 
Acoust ic  f o r c i n g  o f  t h e  separa t ion  bubble was conducted as a poss ib le  
method o f  determin ing reverse f l o w  regions when t a k i n g  ho t -w i re  measurements as 
w e l l  as t o  determine t h e  e f f e c t  o f  f o r c i n g  on t h e  separated shear l a y e r  and t h e  
development o f  t h e  separa t ion  bubble. Hot-wire measurements were taken on an 
NACA 663-018 a i r f o i l  a t  Rc=140,000, a=lOo, 0 f low r e s t r i c t o r s  f o r  unforced and 
a c o u s t i c a l l y  fo rced a t  1623 Hz ( fundamental) ,  770 Hz (subharmonic) and bo th  
1541 and 770 Hz. 
Acoust ic  f o rc ing  i s  an at tempt t o  ' ' lock" t h e  e a r l y  stages o f  t r a n s i t i o n  
i n t o  a repeatable,  pe r iod i c ,  mode. When t r a n s i t i o n  occurs n a t u r a l l y ,  t h e  i n i -  
t i a l  r o l l - u p  o f  t h e  separated shear l a y e r  i s  modulated over a band o f  frequen- 
c i e s  Acoust ic  f o r c i n g  a t  a dominant frequency w i t h i n  t h e  f l o w  focuses energy 
i n t o  a narrow band o f  f requencies.  Thus, random motions may be " locked" i n t o  an 
eas i  y recognizable frequency as shown by t h e  ho t -w i re  t races  i n  f i g u r e s  9 
(unforced) and 10 ( fo rced) .  When a ho t -w i re  measures i n t e r m i t t e n t  reverse f low,  
t h e  s igna l  i s  r e c t i f i e d .  Thus, f o r  a f l o w  o s c i l l a t i n g  a t  a known frequency, t h e  
s igna l  r e c t i f i c a t i o n  i nhe ren t  i n  ho t -w i re  anemometry would r e t u r n  a s igna l  t h a t  
appears t o  be tw ice  t h e  known frequency. It was hypothesized t h a t  by acoust i -  
c a l l y  f o r c i n g  t h e  bubble a t  a na tu ra l  frequency, t h e  reverse f l o w  regions o f  t h e  
bubble cou ld  be determined by l o c a t i n g  r e c t i f i e d  p o r t i o n s  o f  t h e  ho t -w i re  
s igna l .  The v e l o c i t y  da ta  a f f e c t e d  by r e c t i f i c a t i o n  cou ld  then be corrected. 
I n  o rder  t o  determine a s u i t a b l e  f o r c i n g  frequency, ho t -w i re  da ta  f o r  an 
unforced case was taken along t h e  upper sur face  of t h e  a i r f o i l .  A t  each 
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p o i n t  o f  each p r o f i l e  w i t h i n  t h e  bubble, spec t ra  were taken and i n t e g r a t e d  
across t h e  p r o f i l e .  Th is  produced a se r ies  of spect ra showing t h e  s p a t i a l  
growth o f  dominant f requencies w i t h i n  t h e  bubble. The most subs tan t i a l  peak 
occurred a t  x/c=7% as shown i n  F igure  11. The peak covered a band o f  frequen- 
c i e s  centered around 1700 Hz. Thus, 1700 Hz was chosen as a f i r s t  approximat ion 
t o  t h e  fundamental frequency. With t h e  ho t -w i re  i n  t h e  shear l a y e r  a t  x/c=7%, 
t h e  bubble was a c o u s t i c a l l y  fo rced and t h e  fo rc ing  frequency ''tuned" t o  
1666.67 Hz. Th is  frequency was then designated t h e  "fundamental I' frequency 
s ince  t h i s  was suspected t o  co inc ide  w i t h  an i n i t i a l  shear l a y e r  r o l l  up, i f  any 
[ re fe rence 31. S i m i l a r l y ,  one h a l f  t h e  fundamental frequency, o r  833 Hz was 
designated t h e  "subharmonic" and t w i c e  t h e  fundamental, o r  3333 Hz was 
designated t h e  "harmonic". Data t a k i n g  was phase-locked w i t h  t h e  f o r c i n g  s igna l  
f o r  a l l  acous t ic  f o r c i n g  cases. (The ac tua l  f o r c i n g  f requencies used were 770 
Hz i ns tead  o f  833 Hz f o r  t h e  subharmonic and 1623 and 1541 Hz ins tead o f  1666.67 
Hz f o r  t h e  fundamental; t h e  des i red  s igna ls  cou ld  no t  be produced by t h e  phase- 
l o c k i n g  computer software.) The e f f e c t  of t h e  f o r c i n g  i s  shown i n  t h e  spect ra 
g iven i n  F igures 11 and 12 f o r  unforced and fo rced boundary layers ,  respec- 
t i v e l y ,  a t  x/c=7%. The f o r c i n g  focuses t h e  energy i n t o  t h e  fundamental and 
f i r s t  harmonic f requencies.  
Hot-wire t races  f o r  t h e  unforced and a c o u s t i c a l l y  fo rced bubble a re  shown 
i n  F igures 9 and 10. Note t h a t  i n  t h e  f i gu res ,  t h e  mean has been subt rac ted  
and t h a t  each t r a c e  i s  sca led on t h e  l a r g e s t  s igna l  w i t h i n  t h e  p r o f i l e .  For 
bo th  cases i n  t h e  laminar  p o r t i o n  o f  t h e  bubble, t h e  s igna l  i s  dominated by low 
frequency o s c i l l a t i o n s  probably  due t o  spanwise v e l o c i t y  v a r i a t i o n s  o f  t h e  
three-dimensional  s t r u c t u r e  o f  t h e  bubble. Superimposed on t h e  low frequency 
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o s c i l l a t i o n s  i n  bo th  cases a re  h ighe r  frequency o s c i l l a t i o n s .  These o s c i l l a -  
t i o n s  a r e  more r e g u l a r  and have a h ighe r  ampl i tude f o r  t h e  a c o u s t i c a l l y  forced 
case. For t h e  
unforced case, low frequency modulat ions occur i n  t h e  t races  which may again be 
due t o  spanwise v e l o c i t y  va r ia t i ons .  The forced case i s  again much more r e g u l a r  
and t h e  e f f e c t  o f  t h e  f o r c i n g  can be seen throughout t h e  boundary layer .  With 
i nc reas ing  x/c, t h e  o s c i l l a t i o n s  become i n c r e a s i n g l y  i r r e g u l a r  u n t i l  t h e  f l o w  i s  
completely t u r b u l e n t  . 
With i nc reas ing  x/c, t h e  h ighe r  frequency o s c i l l a t i o n s  dominate. 
As a method of determin ing reverse f l o w  regions, acous t i c  f o r c i n g  has so 
f a r  been unsuccessful.  The fundamental frequency chosen i n  these cases i s  so 
h i g h  t h a t  r e c t i f i c a t i o n s  have been hard t o  i d e n t i f y .  Although h ighe r  f requencies 
dominate w i t h  i nc reas ing  x/c, t h e  low frequency modulat ions superposed on t h e  
fundamental and subharmonic a r e  enough t o  hamper d e t e c t i o n  o f  r e c t i f i e d  p o r t i o n s  
o f  t h e  ho t -w i re  s ignal .  For t h e  cases considered, t h e  fundamental frequency was 
determined ( tuned) a t  a p o i n t  i n  t h e  shear l a y e r  a t  an x/c o f  7%. Since t h e  
dominant frequency changes w i t h  x/c and even w i t h i n  each p r o f i l e ,  t h e  v e l o c i t y  
f l u c t u a t i o n s  a re  best  "focused" near t h e  cen te r  o f  t h e  shear l a y e r  a t  x/c=7%; 
t h e  i n f l u e n c e  o f  t h e  f o r c i n g  v a r i e s  throughout t h e  boundary layer .  F i n a l l y ,  due 
t o  t h e  p r o x i m i t y  o f  t h e  bubble t o  t h e  a i r f o i l ' s  l e a d i n g  edge, t h e  boundary l a y e r  
i s  so small  t h a t  measurements a r e  d i f f i c u l t .  Some of these problems may be 
overcome by us ing  d i f f e r e n t  techniques f o r  ana lyz ing  t h i s  data. 
Another d i f f i c u l t y  w i th  reverse f l o w  de te rm ina t ion  by acous t i c  f o r c i n g  
technique i s  t h a t  t h e  f o r c i n g  may a l s o  a f f e c t  t h e  f l o w f i e l d  under considerat ion.  
Al though changing t h e  f l o w f i e l d  by acous t i c  f o r c i n g  may prove b e n e f i c i a l  t o  
a i r f o i l  performance, reverse f l o w  regions f o r  t h e  fo rced  and unforced cases may 
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n o t  coincide. A comparison o f  t h e  ho t -w i re  v e l o c i t y  p r o f i l e s  f o r  t h e  unforced 
and 1623 Hz forced cases i s  given i n  F igu re  13. The d i f f e r e n c e s  between t h e  two 
se ts  of p r o f i l e s  a re  w e l l  w i t h i n  t h e  u n c e r t a i n t y  from x/c=2 t o  6%. For x/c 7%, 
however, t h e  v e l o c i t y  p r o f  i 1 es a r e  markedly d i f f e r e n t .  The boundary 1 ayer t r a n -  
s i t i o n s  and reattaches roughly  2% x/c sooner when t h e  bubble has been acoust i -  
c a l l y  forced. By x/c=9% t h e  fo rced  shear l a y e r  has reattached w h i l e  a 
s i g n i f i c a n t  bubble s t i l l  e x i s t s  f o r  t h e  unforced case. 
The e f f e c t  o f  1623 Hz f o r c i n g  on t h i s  bubble i s  a l s o  seen i n  t h e  develop- 
ment o f  t h e  displacement, momentum, and energy th icknesses as shown i n  
F igu re  14. The displacement th ickness f o r  t h e  forced case f o l l o w s  t h e  same 
t rends  as f o r  t h e  unforced case except t h a t  i s  appears t o  t r a n s i t i o n  0.5% x/c 
sooner and grows on ly  s l i g h t l y  more than  h a l f  t h e  s i z e  o f  t h e  unforced case. 
Thus, a l though 6 1  decreases a t  approximately t h e  same r a t e  f o r  both cases, 6 1  
f o r  t h e  forced case i s  on l y  about 2/3 t h e  th ickness a t  x/c=13% f o r  t h e  unforced 
case. 
The f o r c i n g  helps channel t h e  energy more e f f i c i e n t l y  than i n  t h e  na tu ra l  
t r a n s i t i o n  process. T r a n s i t i o n  i s  t h e r e f o r e  accelerated, and reattachment occurs 
sooner. Acoust ic f o r c i n g  a t  a fundamental frequency of t h e  shear l a y e r  a l s o  
a f f e c t s  62 and 63 growth. As shown i n  t h e  f i gu re ,  62 and 63 f o r  t h e  fo rced  and 
unforced cases agree w e l l  u n t i l  x/c=6 o r  7% when f o r  t h e  fo rced  case 62 and 63 
beg in  t h e i r  growth corresponding t o  t r a n s i t i o n .  The growth r a t e  o f  62 and 
63 f o r  t h e  fo rced  case, however, i s  s i g n i f i c a n t l y  smal ler  t han  t h a t  f o r  t h e  
unforced case, making de te rm ina t ion  o f  t h e  beginning p o i n t  o f  t h i s  growth d i f -  
f i c u l t  and r e s u l t i n g  i n  th icknesses a f t e r  reattachment f o r  t h e  forced cases on ly  
75% as t h i c k  as t h e  corresponding thicknesses o f  t h e  unforced cases. 
Page 8 
That acous t ic  f o r c i n g  cou ld  a f f e c t  t h e  separa t ion  bubb e i s  n o t  s u r p r i s  ng. 
I n  kerosene vapor f low v i s u a l i z a t i o n  and t i t a n i u m  t e t r a c h l o r i d e  f l o w  v i s u a l  i z a -  
t i o n  experiments on t h e  separat ion bubble, Schmidt observed t h e  r o l l - u p  o f  t h e  
separated shear l a y e r  [ reference 41. It was hypothesized t h a t  t h e  separated 
shear l a y e r  o f  t h e  separa t ion  bubble might  behave l i k e  a f r e e  shear l a y e r  or 
mix ing  1 ayer. Because subharmonic and bimodal (bo th  fundamental and subhar- 
monic) frequency f o r c i n g  has been shown t o  a l l ow  some c o n t r o l  on shear l a y e r  
r o l l - u p  and vo r tex  p a i r i n g  [ reference 31, t h e  bubble was a l s o  fo rced a t  t h e  
f i r s t  subharmonic o f  t h e  fundamental, 770 Hz, as w e l l  as b imodal ly  a t  frequen- 
c i e s  o f  770 and 1541 Hz. The 770 Hz f o rc ing  had no no t i ceab le  e f f e c t  on t h e  
boundary l a y e r  p r o f i l e s  or i n t e g r a t e d  thicknesses. Likewise, t h e  bimodal 
f o r c i n g  had near l y  t h e  same e f f e c t  as fo rc ing  a t  1623 Hz only ;  a l l  these e f f e c t s  
were t h e r e f o r e  a t t r i b u t e d  t o  t h e  1541 Hz component of t h e  f o r c i n g  s igna l .  
The change i n  modal energy w i t h  chordwise p o s i t i o n  was a l so  explored f o r  
each frequency i n t e g r a t e d  over  each p r o f i l e .  As expected from t h e  en t h e o r i e s  
of Smith and Gramberoni and o f  van Ingen, [ re fe rence 51 t h e  ampl i tude o f  each 
d is tu rbance i s  seen t o  grow near l y  l i n e a r l y  a t  l e a s t  f o u r  orders o f  magnitude 
be fo re  sa tura t ing .  As expected f o r  vor tex  p a i r i n g ,  f i r s t  t h e  fundamental energy 
r i s e s  t o  s a t u r a t i o n  fo l lowed by t h e  subharmonic and f i r s t  harmonic 
[ re fe rence 61. Unexpectedly, however, t h e  harmonic and subharmonic bo th  
s a t u r a t e  below t h e  s a t u r a t i o n  energy o f  t h e  fundamental. The e f f e c t  o f  t h e  
f o r c i n g  may be t o  acce le ra te  t h e  most susceptable i n s t a b i l i t i e s  or r o l l - u p  f r e -  
quencies. Th is  would encourage t h e  f l o w  breakdown i n t o  tu rbu lence and con- 
sequent ly  shor ten t h e  bubble l e n g t h  and boundary l a y e r  th ickness  as noted above. 
Thus, acous t ic  f o r c i n g  should a l s o  a f f e c t  t h e  l i f t  and drag c h a r a c t e r i s t i c s  o f  
t h e  a i r f o i l .  
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CONCLUSION 
Although t h e  U/Uext p r o f i l e s  f o r  t h e  cases measured by O'Meara have been 
f a i r l y  repeatable, t h e  source of d iscrepancies i n  U/Ufs p r o f i l e s  i s  s t i l l  under 
i n v e s t i g a t i o n .  The f i r s t  at tempts a t  determin ing reverse f l o w  regions on t h e  
NACA 663-018 a i r f o i l  by acous t i c  f o r c i n g  have n o t  worked as w e l l  as i n i t i a l l y  
hoped. Another researcher a t  Notre Dame has had more promising r e s u l t s ,  a l b e i t  
on a d i f f e r e n t  a i r f o i l  w i t h  a d i f f e r e n t  separat ion bubble. I n  add i t i on ,  t h e  
e f f e c t  o f  acous t i c  f o r c i n g  on t h e  bubble a t  a fundamental frequency has been 
seen t o  shor ten t h e  bubble and make t h e  boundary l a y e r  th inne r .  More research 
needs t o  be done then t o  b e t t e r  document t h e  e f f e c t s  o f  acous t i c  f o r c i n g  as w e l l  
as c o n t i n u i n g  t o  study t h e  unforced case. These w i l l  a i d  i n  t h e  understanding 
o f  t h e  t r a n s i t i o n  process and t h e  separat ion bubble f l o w f i e l d  i n  p a r t i c u l a r .  
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Figure 2. Integrated Boundary Layer Parameters on NACA 663-0018 Airfoil, &= 140,000, 
a = 1 2 O ,  0 Flow Restrictors; Fitzgerald Data (top). O'Meara Data (bottom). 
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a = 1 2 O ,  0 Flow Restrictars; Fitzgerald Data (top), O’Meara Data (bottom). 
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Figure 9a. Boundary Layer Velocity Fluctuations, x/c = 5.%, %=14O,OOO, a = loo, 0 Flow 
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